Abstract
Introduction
Multiple organ dysfunction syndrome is the most frequent cause of death in septic patients admitted to intensive care units. Acute renal failure, recently termed acute kidney injury (AKI), is the most common part of the multiple organ dysfunction syndrome. The great interest for the Prediction of acute kidney injury during sepsis: unsolved mystery yet N Sharawy 1,2, * role of AKI in the ICU is contributed to its association with high mortality, morbidity and economic costs. It develops as a result of the reductions in renal blood flow (RBF), cellular and humoural immune system response to infection, nephrotoxic drugs and cellular injury [1] [2] [3] . One important controversy area in the field of AKI is the pathogenesis of AKI. The classification of AKI into prerenal and renal may be questionable today. The pre-renal state is very transient and mild, but when it becomes severe, prolonged and with already compromised kidney, the pre-renal state can lead to renal AKI. In addition, the fact that acute tubular necrosis (ATN) is the main pathological character of AKI seems to be challenged by the recent findings that renal blood flow may not be reduced, at least in sepsis, and other types of cell damage may occur 4 . The early identification of at-risk patients and prevention of acute kidney injury to reduce mortality rate (50%-70%) associated with acute kidney injury in sepsis is essentially required 5 . However, failure of AKI preventive strategies is contributed to the lack of real-time sensitive and specific renal biomarkers and diagnostic tool, which allow the early detection of AKI. One of the research priority today is to find a tool or marker for an early prediction of AKI, to prevent or attenuate persistent AKI in patients with transient AKI 6 . The aims of this review are to discuss briefly recent advance in understanding the pathological changes in sepsis-induced AKI, and the current investigated tools and biomarkers with their advantages and limitations in field of AKI.
Discussion
Causes and classification of acute kidney injury AKI could be contributed to pre-renal (functional) or renal [structural, or acute tubular necrosis (ATN)] injuries. While pre-renal AKI is not associated with histopathological renal injury, acute tubular necrosis is associated with reduced renal blood flow. Unlike to pre-renal, renal persists even when the hemodynamic status has been restored 7 . It is usually assumed that decreased renal perfusion is the initial cause for transient AKI and may ultimately lead to acute tubular necrosis when it persists 6 . For clinical investigation, classification scores of AKI were developed. RIFLE classification (risk, injury, failure, loss, end-stage kidney disease) defines three grades of severity and two outcome classes, by using the serum creatinine and urine output 1 . RIFLE was modified recently by the AKI Network (AKIN), which defined AKI as an abrupt (within 48 h) reduction in kidney function currently defined as an absolute increase in serum creatinine of more than or equal to 0.3 mg/dL (≥26.4 µmol/L), a percentage increase in serum creatinine of ≥50% (1.5-fold from baseline) or a reduction in urine output (oliguria of <0.5 mL/kg/h for >6 h) Pathophysiological changes of acute kidney injury: Figure 1 The pathophysiology of AKI in sepsis is complex and includes haemodynamic changes, renal parenchyma inflammatory changes and obstruction of tubules with necrotic cells and debris
9
. Haemodynamic changes within kidney during sepsis remain not clearly understood. For several decades it was thought that hypotension associated with sepsis results in a decrease in RBF, compensatory increase in renal vascular resistance (RVR) to maintain glomerular filtration rate (GFR) and decline in capillary perfusion. This can lead to epithelial injury (swelling, cast formation, cell sloughing) that can disrupt tubular-glomerular feedback regulation of GFR and cause reduction in GFR
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. While long-standing presumption that AKI associated with sepsis is mainly, if not completely due to an increase in RVR and decrease in RBF, some experimental studies reported that septic AKI may be associated with renal vasodilation and increased RBF 10, 11 . This observation was further supported by small clinical cohort study that reported that RBF was either preserved or increased in septic patients 9, 12 . In addition, Langenberg et al. 13 found that in addition to generalised vasodilation and the increased cardiac output, there was renal vasodilation accompanied by a prominent increase in RBF. He found also that the increase in RBF was associated with a significant decrease in creatinine clearance and a four-fold increase in serum creatinine. Chvojka et al.
14 found a significant renal microvascular and metabolic stress in hyperdynamic septic shock without apparent renal vasoconstriction or changes in oxygen consumption and renal histology, and he suggested that renal venous congestion could contribute to the pathogenesis of septic AKI. These recent findings strongly suggest that sepsis-induced AKI is a hyperemic injury, and that dilatation of both afferent and efferent arterioles (with efferent dilatation is greater than afferent dilatation) could lead to decreased glomerular capillary pressure and filtration 9 . Another important factor that could lead to reduction in GFR is sepsis-associated proximal tubule injury, which results in inadequate sodium re-absorption and reduced GFR through tubulo-glomerular feedback mechanism 15 . The proximal tubule injury could be due to endothelium injuries and activation of leukocyte both of which will result in amplification of renal arteriole vasoconstriction. This could be due to imbalance between vasoconstrictor substances [such as of endothelin-1, angiotensin II, thromboxane A2, prostaglandin H2, leukotrienes C4 and D4, and adenosine as well as sympathetic nerve stimulation] and other vasodilator substances that are produced by the endothelium [such as nitric oxide]. In addition, vasoconstriction is augmented by the vasoactive cytokines, generated due to increased leukocyte-endothelial adhesion [16] [17] [18] [19] [20] [21] [22] [such as TNFα, IL1, IL-6, IL-12, IL-15, IL-18 and IL-32]. Vasoconstriction, endothelial-leukcocyte interactions and activation of the coagulation system result in regional compromise of the microcirculation especially in the outer medulla, due to the anatomical character of the capillaries in the outer medulla that makes them very vulnerable to occlusion 15 . 
Critical Review
In addition, previous studies demonstrated that a decrease in total RBF alone cannot entirely account for the reduction in GFR and that the heterogeneity of the blood flow distribution between cortex (glomeruli) and the medulla (tubule) with regional shift of blood to medulla could be of greater importance during an episode of AKI 14, 15 .
Since the three critical determinant issues in AKI are renal hemodynamics, peritubular microcirculatory dysfunction and renal tubular injury, they were used as basic background for the development and validation of different tools and biomarkers.
Current available tools and
Biomarkers for AKI prediction: Figure 1 
Doppler-based renal arterial resistive index (RI)
Ultrasonography (US) is used routinely to assess renal morphology. In addition, renal Doppler US helps to assess large arterial or venous abnormalities and evaluate changes in intra-renal perfusion due to diseases of the renal parenchyma. Recently it was found that Doppler ultrasonography with arterial RI calculation can be useful as an early indicator of the vascular resistance changes and in the determination of the optimal systemic hemodynamicsrequired for renal perfusion 8 . This easily calculated parameter is defined as RI = [(peak systolic velocity − end diastolic velocity)/ peak systolic velocity]. It theoretically ranges from 0 to 1and it is normally lower than 0.7 with age differences 6 . RI is a non-invasive Dopplermeasured parameter that is directly correlated with intra-renal arterial resistance. Several factors could determine the RI such as arterial compliance (i.e. renal interstitial and intra-abdominal pressures), age and central hemodynamic parameters 7 . Therefore, renal circulatory response to sepsis estimated by RI could not be reliable for detection of the renal hemodynamic changes. Recent clinical studies reported that RI was useful in differentiating between parenchymatous renal failure and pre-renal azotemia 7 . Lerolle et al. 16 group found that, in septic shock patients, a high RI was predictive of AKI 7 . In addition, Darmon et al. 17 found that RI was significantly higher in patients with persistent AKI compared to those without AKI and those with transient AKI. However, IR value should be carefully interpreted before concluding that there is renal injury, since low renal perfusion pressure and low oxygen could result in high RI without AKI
.
The ability of RI to monitor renal perfusion remains questionable. However, the early detection and reversing of AKI during sepsis using renal RI deserves further investigation to understand the exact clinical meanings of these variations 6 . Currently, new techniques are under development to assess renal perfusion such as contrast-enhanced US that allows an accurate quantification of regional and global RBF through injection of specific contrast agents that create a signal of high echogenicity, thus allowing macroand microvascular structure visualisation. However, only few data are currently available to assess the interest of this technique in the clinical setting 6 .
Microcirculation and AKI
Changes in the microcirculation, due to increase capillary permeability, cells adhesion, endothelium dysfunction and an increase in intra-abdominal pressure, can occur in septic patients with a hyperdynamic circulatory state, in the absence of renal hypoperfusion or renal ischaemia 8, 18 . Chvojka et al. observed 14 that the renal microcirculation changes during sepsis induced AKI could be total or at least partially independent of the renal macrocirculation. In particular, Wang group 19 have found that capillary leakage is the early measured microvascular change (2 hrs after sepsis), even before any measured reduction in RBF and peritubular capillary perfusion, and suggested that renal microcirculatory failure and direct tubular injury, even after correction of systemic hemodynamics, contribute significantly to sepsis-induced AKI in humans.
Recently, it was reported that the severity of microvascular dysfunction correlates with septic patients' outcomes 20, 21 . For several decades the disturbance of the microcirculation was indirectly assessed, depending on the alterations of some systemic biochemical markers of dysoxia such as arterial blood lactate concentration, base excess and the oxygen saturation of the superior vena cava or of the pulmonary artery. In recent years, the development of the orthogonal polarisation spectral (OPS) and Side stream Dark Field (SDF) imaging techniques have allowed the direct visualisation of the sublingual microvasculature by means of a beam of polarised light directed over the investigated area.
Whether or not the sublingual microcirculatory abnormalities during septic shock reflect alterations in other microvascular beds remain unclear. Boerma et al. 22 reported that there is no correlation between sublingual microcirculation and intestinal microcirculation in early stage of sepsis. However, at late stages of sepsis the correlation is restored, due to final common pathway that is involved in microcirculatory failure. To our best of knowledge, no clinical study for evaluation of the role of sublingual microcirculation as an early predictive tool of acute renal injury during sepsis was done. Berlot et al. 23 found a substantial improvement of the sublingual microvascular blood flow after the initiation of the coupled plasma filtration and adsorption (CPFA), method of renal replacement therapy, which was slightly decreased after CPFA discontinuation. Further investigation is needed to evaluate the role of sublingual microcirculation in early detection and differentiation of pre-renal/ renal AKI.
Biomarkers for the early detection of AKI
The need for sensitive, simple and time-applicable biomarker to predict AKI development after renal insult is urgent. Serum creatinine (SCr) and urea are used routinely for the diagnosis of AKI. However, these parameters are not accurate for the diagnosis of AKI. In addition, high distribution volume, liver function abnormalities and malnutrition observed in septic patients could contribute to the delayed elevation of SCr (7). The concentration of serum creatinine may not change until 50% of kidney function has already been lost 24 .
(A) Cystatin C. Recently, it was found that Cystatin C, a low-molecularweight protein produced by all nucleated cells and freely filtered by the glomeruli and then fully reabsorbed and degraded in the proximal tubular cells, could detect a decline in the GFR earlier and more accurately than SCr values 7 . CysC is suggested to be a good biomarker because of its constant rate of production, almost filtered by glomeruli (99%), has no significant protein binding and not secreted by renal tubule 25 . In addition, elevated urinary cystatin (UCys) was predictive of presence of the ATN 7 . It was reported that patients with serum CysC levels < 0.8 mg/L are less likely to develop AKI after renal insult, and those with levels > 2.04 mg/L are at increased risk of developing AKI. However, the predictive value of urinary CysC excretion should be interpreted with caution in pre-renal AKI, who were responsive to fluid challenge 25 .
(B) Neutrophil gelatinase-associated lipocalin (NGAL). NGAL is a protein that is expressed at very low concentrations in the kidney, lungs, and gastrointestinal tract, and highly up-regulated in injured epithelial cells and it is secreted into the urine by the thick ascending limb of Henle and collecting ducts of the kidney. NGAL is recently identified and extensively investigated as a most promising early marker of AKI 24, [26] [27] [28] [29] . Urinary NGAL not only effective in detection of AKI but also its degree of expression might distinguish among AKI, pre-renal azotemia and chronic kidney disease, and it is detectable before the accumulation of serum creatinine 28 . However, a wide range of predictive values of NGAL for AKI have been reported across observational cohort studies 27, 30 . In addition, a clear cut off NGAL concentration for the detection of AKI has not yet been reported 31 . Wheeler et al. 24 suggested that serum NGAL concentration may also be a marker of MODS, even in the absence of AKI, similar to C-reactive protein, procalcitonin, or interleukin (IL)-6.
(C) Liver-type fatty acid-binding protein (L-FABP). L-FABP is a member of the FABPs that is expressed in the proximal tubules and the level of urinary L-FABP reflects the extent of tubulo-interstitial damage. Only urinary L-FABP correlates with the progression of chronic kidney disease 32 . In addition, renal proximal tubular epithelial cells (L-FABPproducing cells) are targets for LPS during sepsis/septic shock 33 . Nakamura et al. 34 reported that urinary L-FABP levels were significantly higher in patients with septic shock than in healthy subjects and suggested that renal ischemia extending to the proximal tubule tends to overload fatty acids in the cytoplasm, and thereby damage tubules.
(D)Kidney injury moleclue-1(KIM-1). Urinary KIM-1 is a recent identified cell membrane glycoprotein that is strongly up-regulated in proximal tubular epithelial cells during various states that are characterised by epithelial cell dedifferentiation, such as ischemia, toxic renal injury and renal cell carcinoma. Some clinical studies have shown that KIM-1 is a sensitive and specific marker for the early detection of AKI after cardiopulmonary bypass surgery 35 . To our best of knowledge, no studies have investigated the value of KIM1 in early prediction or differentiation of prerenal/renal AKI induced by sepsis and septic shock.
Conclusion
Sepsis-induced AKI represent an economic burden and serious problem, due to associated high mortality and morbidity. However, AKI could be reversible and prevention of permanent renal damage will represent a great advance in the clinical arena. Therefore, understanding of sepsis-induced pathological changes is critical issue for development of biomarker or tool that could predict AKI.
